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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1273

CONCEPTUAL DESIGN STUDY OF A MULTIPURPOSE
AEROSPACE TEST FACILITY

By Aeroballistics Division
SUMMARY

This study was made to establish a design concept for a multipurpose
aerospace test facility (low density wind tunnel, LDWT, rocket exhaust
test chamber, RETC, and space simulation chamber, SSC) and to show the
influence of size, sources, and amounts of refrigeration required, etc.,
on its operational capabilities and cost,

The results of the study including conceptual designs of the chamber
and attendant equipment are presented. Performance characteristics of
the facility for use as an SSC, an LDWT with nitrogen, and an RETC with
CO, are estimated., Cost information is developed,

SECTION I, INTRODUCTION
Requirements for a test facility are varied. At present, real needs
can be foreseen for test work that will require:
l. A Low Density Wind Tunnel using No gas (N LDWT).
2. A Rocket Exhaust Test Chamber using COp gas (CO, RETC).
3. A Space Simulation Chamber (SSC).
The possibility of combining these chambers and the wind tunnel in
a single facility that utilizes cryopumping was recognized. Interest in
such a facility led to this study.
The preliminary operational requirements, shown in Table I, have
been established. A facility that fully meets all these requirements

is considered ideal, One of the objectives of the study was to determine
how far the requirements can be met by a practical facility.
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TABLE T.

Mass Flow Rate

Test Section
Pressure

Stagnation
Temperature

Test Duration
Number of Tests
Per Day

Number of Nozzles
Mach No,

Nozzle Exit
Diameter

Maximum Working
Volume

Minimum Pressure

Thermal Environment

Ny Low-Density
Wind Tunnel

C02 Rocket Exhaust
Test Chamber

PRELIMINARY OPERATIONAL REQUIREMENTS

Space Simulation

Chamber

2,5 gms/sec

4 x 10-4 torr @
2,5 gm/sec

To 10-5 torr @

lower flows
450-500°F*

Tests will last
for several hours

Several tests
per day

1
4 to 11

24 in, effective

1 1b/sec (0.1

1b/sec )

To 10-3 torr @

1 1b/sec

To ].O'-5 torr @
lower flows

500°F
10 to 15 sec
(10 Min,)

5

4 or 8
3

1
1 - 12 in,

One to several
days

3000 ft 3

(approx.)

10-9 torr

To simulate
conditions of
space includ-
ing solar
radiation

* Sufficient to prevent condensation upon expansion through the nozzle,



SECTION II., APPLICATION OF CRYOPUMPING

It is clear from the suggested flow rates and operating pressures
that tremendous gumping speeds for N2 and CO2 will be required (2.5 gm/sec
of Ny at 4 x 10™% torr = 8.3 x 10% CFM; 1 lb/sec of €Oy at 1073 torr =
395 x 106 CFM). Experience with the Low-Density Wind Tunnel at the
University of Southern California Engineering Center (Ref. 1), and pre-
viously conducted studies (Ref. 2 and 3), strongly suggest that the most
practical and economical way to provide high pumping speeds in facilities
of this type is by the use of cryopumping.

Cryopumping is the process of condensing gases at a very low tem-
perature so as to maintain a vacuum, At a pressure level of 1072 torr,
COy can be cryopumped by use of surfaces cooled to around 80°K. Surfaces
at about 24°K are required to cryopump Nj at 10-3 torr. In addition, it
is highly desirable to shield the 24°K cryopumping surfaces from heat
radiation, from the surroundings, and in some cases, to precool the con-
densing N2 gas flow. Radiation shielding and precooling can be effectively
accomplished by surfaces cooled from 80 to 100°K.

The thermal environment of star-speckled space can be conveniently
simulated in a space chamber by cooling the portion of the walls of the
chamber (or suitable baffles lining the interior), viewed by the test
object, to around 100°K, It currently appears that the ultra-high vacua
required for space pressure simulation can best be achieved by the use '
of cryopumping surfaces at around 20°K (again radiation shielded by
surfaces at 80 to 100°K) backed up by a relatively small number of
diffusion pumps.

[ 3

Thus, for the combined facility, refrigeration is required at
essentially two levels, 80 to 10OO°K and approximately 20°K. The means
of providing this refrigeration are discussed in Section V.

The arrangement of cold surfaces to produce effective but economical
cryopumping will be referred to as the cryopumping array. A number of
array configurations have been suggested (Ref. 2 and 4); an arrangement
which combines several desirable features for the present application is
shown in FIGURE 1, The array consists of a condenser held at 20° Kelvin,
back shields held from 80 to 100°K to eliminate radiant heat transfer
from the warm tank wall to the 20°K surface, and chevron shields at 80
to 100°K to permit gas flow to the condenser from the working space and
to eliminate most of the radiant heat transfer to the condenser from
that space. The array is distributed about the wall of the vacuum -
chamber in a way convenient for the experiment (Sections III and V). COp
and all less volatile gases would freeze-out on the chevrons; N2 and all

less volatile gases on the 20°K condenser, He, Hj, and Neon would not
condense at low pressures at 20°K and must be removed by other means,
In the present application, these ''noncondensables ' can be adequately
removed by diffusion pumps,

)
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Refrigeration at 20°K is many times more expensive than that at
77° to 100°K; it is thus preferable to absorb the heat energy incident
on the array with a shield at 77 to 100°K. Analysis has shown that the
chevron-shielded condenser, such as shown in FIGURE 1, exhibits a favorable
balance between pumping speed and effectiveness of radiation shielding.
The chevrons are optically opaque from every direction, Hence, radiation
from heat sources at any point within the chamber will be absorbed by
the chevrons rather than being transmitted to the 20°K condenser, In
addition to serving as a radiation shield, the chevrons serve as precoolers
during wind tunnel tests; that is, warm gas flowing to the 20°K condenser
is first cooled from 80 to 100°K, as it passes through the chevrons,
The savings achieved by taking this heat load at LN temperature level
rather than at 20°K are quite substantial,

SECTION III. FACILITY DESIGN CONCEPTS

A, GENERAL FEATURES

Before proceeding to the description of several design concepts
that were considered, it is worthwhile to list a number of design
features that it would be desirable to incorporate, in addition to those
necessary to satisfy the operational requirements given in Table I,

1, Ability to isolate the N, LDWT test section from the portion
of the tank containing the cryopumping baffles so that the test section
can be opened without warming the cryopumping baffles, The importance
of this feature will be pointed out subsequently,

2, Ready access to both the wind tunnel test section and the
space simulation chamber.

3. Maximum possible pumping speed for nitrogen and CO, wind
tunnel tests, ’

4, Flexible design to facilitate future expansion and
modification of the facility,

5. Construction of the SSC portion with vacuum integrity
sufficient to permit reaching the 10-9 torr range with a combined
cryopump-diffusion pumping system,

6. Provision for opti@al observations and the use of Schlieren
apparatus in the LDWT and the RETC.

7. Proviéigﬁifdfréontrolling the operating pressure in the z
LDWT and RETC.
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8. Ample test section volumes in the LDWI, RETC, and SSC, with
adequate equipment handling and mounting devices such as overhead hoists,
mounting brackets and pads,

9. Provision for numerous electrical, hydraulic, pneumatic,
or cryogenic fluid feed-throughs,

B. TYPES OF DESIGN

A number of types of designs were considered. Simple layouts:
were made for the three types that appeared to hold the most promise of
meeting the operational requirements, to see how far each could go
toward incorporating the above features., The three types are shown in
FIGURES 2, 3, and 4,

In the first type (FIGURE 2), an outer tank houses both the wind
tunnel test section and the space simulation chamber, The cryopumping
array is situated around the inside periphery of the outer tank. Both
wind tunnel and space simulation tests are performed in the same area,
The area may be isolated from the cryopumping array or made to communicate
with it, depending on the position of a large bell-jar-shaped inner
tank, In the position shown in the drawing, the inner tank 1s seated
against the left-hand end of the outer shell so as to isolate the test
section from the cryopumping space. Movement of the inner tank to
the right-hand end of the large outer shell (to the position shown in
phantom in the FIGURE 2) exposes the test section to the cryopumping array.
The inner tank moves back and forth within the outer shell on rails,

The left-hand end of the tank has a flat base plate which not only
provides a sealing surface for several O-ring type seals but also forms
a mounting base for the traversing rig or model mounting and positioning
mechanism in the test section. The Ny LDWT nozzle, shown in place at
the left-hand end of the tank, is surrounded by a vacuum jacket which
provides insulation for a nozzle with cooled walls., Two 32-inch
diffusion pumps are shown, one on either side of the tank., Large view-
ing and access ports would be provided on both sides of the tank in the
vicinity of the test section. Access ports would also contain windows
for the optical system, The purpose of the inner bell-jar-shaped tank
is to permit the test set-up to be modified without warming the cryo-
pumping plates or breaking the vacuum in the larger outer shell. With
the inner tank in the position shown in the drawing, the pressure in the
test section can be raised to one atmosphere to permit human access to
that space, )

This general arrangement, though lacking several operational
advantages, would offer the maximum pumping speed for both nitrogen and
COp in the LDWT and RETC tests, The high pumping speed would result
from the large exposure of cryopumping panels immediately downstream of
the nozzle. Unfortunately, several practical difficulties are inherent
in the arrangement:
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1. A large sealing force would be required to hold the bell
jar in place against the flat end of the outer tank when the pressure
in the test section is raised to one atmosphere while maintaining
vacuum in the large outer shell (a minimum of 100,000 1b  for an 8§ ft
D bell jar).

2. The moving and seating mechanism for the bell jar would
have to be exposed to the vacuum,

3. With the bell jar closed, the only access to the test
section is through the left end of the tank., Though it would be
relatively easy to make a change in the nozzle installation (such as
might be desired in the COj tests), changing the model in the test
section would also require removal of the nozzle,

4, The downstream end of the test section cannot be con-
veniently equipped with cryopumping elements because of the moving
inner tank.

5. The model mounting or traversing rig and any instrumentation
in the test section would have to be mounted on the end plate to permit
translation of inner bell jar.

6. Because the wind tunnel test section and the space simulation
volume are the same, it is impossible to prepare a test setup in one while
the other is in operation,

The second type of design, shown in FIGURE 3, is considerably more
practical, It has some similarity to the USC Low Density Wind Tunnel,
and to the one planned for the University of Toronto (Ref. 3), in that
isolation of the LDWT test section from the cryopumping section is
achieved by a right angle valve arrangement, The LDWT test section
upstream of the valve, and the space simulation chamber downstream of
the valve, are now separate. Each is readily accessible, The space
simulation chamber portion of the facility could be utilized with the
valve closed while work was being carried on in the wind tunnel test
section, The flexibility with this arrangement is considerable, for
with the use of a flanged construction, as shown, entire components can
be changed to accommodate a variety of tests. For example, the whole
end of the wind tunnel test section could be made removable to permit
fairly easy changeover from one type of wind tunnel test to another
(i.e., from nitrogen tests to CO2 tests).

The most obvious drawback to this arrangement is that the pumping
speed for wind tunnel tests is reduced as compared with that available
from the first arrangement. The right-angle bend and the opening in the
valve represent limiting conductances between the source of gas and the
pumping sink., On the other hand, the space simulation chamber can be
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more thoroughly baffled than with the first arrangement, The seating
pressure for the isolation valve would be largely provided by the pres-
sure difference between the vacuum chamber and the atmosphere in the
wind tunnel test section, Hence, the mechanism actuating the valve
disc is required mainly for positioning and supplying a modest initial
seating load, A sealing problem is introduced where the drive shaft
for the valve disc penetrates through the end of the tank, Though
sliding motion is implied by FIGURE 3, a rotating screw drive mechanism
which would entail transmitting rotary motion through the seal might
also be used, O-ring seals have been used successfully in both types
of service in vacuum furnaces and other applications. The pressure

in the area exposed to any leakage from the seal is that which will
exist in the test section and need not be much lower than about 107°
torr, Rollers mounted on the valve disc and running on an adjustable
track (underneath or overhead) would support the weight of the disc and
guide it from the open to the closed position,

The third type of arrangement, shown in FIGURE 4, makes use of
a sliding disc-type gate valve to isolate the pumping chamber from the
LDWT test section, This arrangement appears to have all the operational
advantages of Type No. 2 but should provide a higher pumping speed due
to the elimination of the right-angle bend in the flow path. The key
to this arrangement is the isolation valve, for its configuration makes
possible the use of fairly simple tanks for the test section and pumping
chamber, Contacts with vacuum valve manufacturers have revealed that it
is feasible to incorporate a valve of this type In the facility.

A great amount of flexibility can be achieved with an arrangement
such as shown in FIGURE 4., Ready access may be had to either the LDWT
test section or the space simulation chamber through access ports, as
shown in the drawing. Furthermore, by providing flanges at both ends
of the tank one creates the opportunity of adding to the facility in
either direction, With the isolation valve closed, the space simulation
chamber may be operated while test set-ups are being made in the wind
tunnel test section, It would also be possible to close the isolation
valve after a wind tunnel run, keep the cryopumping plates cold and a
high vacuum in the pumping chamber, and then vent the test section to
the atmosphere to permit entrance for modifying the test set-up or
changing the model,

When. the facility is used as a space simulation chamber, ultra-high
vacuums will be developed in the portion of the chamber downstream of
the isolation valve. Only this portion of the chamber need be designed
for ultra-high vacuum, The portion of the facility upstream of the
isolation valve will only be required to operate down to about 1073
torr, which is an adequately low background for the wind tunnel tests.
Attainment of pressures down to 1072 torr should not be difficult even
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with the numerous appendages and the internal traversing rig and test
equipment that will be present, This has been demonstrated by the low-
density wind tunnel facility at the University of Southern California
Engineering Center. In that facility, which has a tank constructed of
low carbon steel, pressures below 10'5 torr are regularly achieved in
a test section which includes a traversing rig, a number of appendages,
and other accessories, with a cryopump that is considerably smaller
than the one being considered for the present application.

Type No. 2 appears to be a practical facility but is less economical
in tank construction than Type No. 3. Type No. 1l would offer the highest
attainable pumping speed but has a number of practical disadvantages
as mentioned. Of the design concepts described, Type 3 1is the most
promising one, and in the remainder of this report attention will be
centered on this type of facility design. The absolute size of the
chamber has not yet been defined. In FIGURE 4, only literal dimensions
are shown. In Table II below, values of these literal dimensions
which appear to cover the range of real interest are indicated,

TABLE 11
RANGES OF TANK DIMENSIONS IN FEET

(Refer to FIGURE 4)

A Ft B Ft E Ft F Ft
12 8 15 15
8 8 12 12

Performance characteristics and cost information for these tank
sizes will be presented in subsequent sections.

SECTION IV. PERFORMANCE CAPABILITIES OF PROPOSED DESIGN
A, N, LOW DENSITY WIND TUNNEL

The set-up would be as shown in FIGURE 4, N, gas at a stagnation
temperature of 500°F is expanded through the nozzle, %lows through the
test section and the open isolation valve, into the cryopumping chamber,
through the chevrons where it is precooled from 80 to 100°K, and to the
20°K condenser where it is frozen out,

The test pressure would be controlled by a '"venetian blind" - like
variable conductance. For lowest pressure operation the controller
would be removed.
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Prior to a test, with the isolation valve closed and with a vacuum
in the cryopumping chamber, the cryopanels would be cooled to operating
temperatures, The N, LDWT test section would then be roughed down to
about 1 torr, the isolation valve would be opened and testing would be
commenced. Upon completion of a test, the valve would be closed, and
the vacuum in the test section broken to allow human access., A number
of test runs can be made before defrosting of the 20°K condenser is
necessary.

The pressure flow rate characteristics of the N, LDWT and of the
cryopump alone are shown in FIGURES 5 and 6, respectively, The
facility dimensions (FIGURE 4) for Case 1 and Case 2, are as listed
below:

Case 1 Ft Case 2 Ft
A 12 8
B 8 8
E 15 L2
F 15 12

The reasoning and calculations used in developing the curves of FIGURE
5 are presented in Appendix A, The pressures achievable for a given
flow rate that are indicated in the figure are minimum values. Higher
pressures may be maintained by throttling with the variable conductance
downstream of the isolation valve,

From FIGURE 5, it is evident that with a mass flow rate of 2,5
gm/sec at 500°F, as set forth in the preliminary operational require-
ments, a test section pressure of 1, 6-2,8x10"3 torr might be expected,
depending on the size of the facility. The advantage of the larger
size test section and pumping chamber represented by Case 1 is best
illustrated if it is noted that for a given test section pressure the
larger chamber can handle over twice the mass flow rate of the smaller
size for the range where the flow is conductance limited,

A deposit of solid Np, fairly uniform in thickness, would be
expected to form on the 20°K condenser. For a flow rate of 2.5 gm/sec,
the rate of buildeup of such a deposit, even in the smaller 12 ft x
12 ft chamber, would be only around 0.033 in, /hr, (See Appendix B for
calculations on which this discussion is based.) It is estimated that
the deposit can build up to about 0.5 in., before the temperature drop
across it becomes detrimental to operation. Hence, about 15 hours of
running could be carried out before defrosting became necessary. The
running time as limited by the temperature differential across the

deposit is roughly proportional to the reciprocal of the mass flow rate
squared; thus, for lower flow rates, substantially longer running times

can be expected,
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When defrosting became necessary, the diffusion pumps would be
valved off (or turned off and cooled down) and the condenser would be
warmed to around 80°K to vaporize the solid Njp. If 15 hours of runmning
at 2.5 gm/sec had preceded the defrosting, the vaporization of the
solid Iinto the chamber volume could raise the pressure to a maximum of
about 43 psia above atmospheric. To prevent such a pressure from
occurring, the heat input to the 20°K surfaces would be controlled and
the roughing pump system would be used to remove the N, gas as it
formed.

B, CO, ROCKET EXHAUST TEST CHAMBER

The mass flow rates with the rocket exhaust tests using CO2
are considerably larger than those with the Ny low density wind tunnel
tests, Fortunately, at liquid nitrogen temperature, it is possible to
condense CO, at sufficiently low pressures for this application. The
solid vapor pressure of CO) at 77°K is approximately 1.5 x 10-8 torr.
Therefore, effective cryopumping of this gas will be accomplished by
the chevrons, provided they are maintained at very near liquid nitrogen
temperature, In this way, the extremely high pumping speeds necessary
for this mode of operation can be achieved. However, it is important
to minimize the flow restrictions between the source of gas and the
condensing surfaces. If the rocket exhaust model were simply substituted
for the low density wind tunnel nitrogen nozzle, the flow restriction
associated with the test section upstream of the isolation valve would
severely limit the minimum exhaust pressure which could be achieved
for a given mass flow rate. Instead, mounting the test model so that
it exhausts directly into the cryopumped chamber is visualized. Such
a configuration 1s shown in FIGURE 7, All the surfaces exposed to the
model exhaust, the chevrons around the periphery of the tank, and the
liquid-nitrogen cooled panels at both ends would be held at liquid
nitrogen temperature, The baffle at the end where the model is in-
stalled would be a temporary one, which could be removed during nitrogen
wind tunnel tests, The CO; flow will be in the transition flow regime
and of a complicated nature, No adequate theories exist on which to
base calculations of the pressures which might be achieved as a function
of mass flow rate, It is expected that the relationship between flow
rate and pressure will depend strongly on the unknown sticking coefficient
between COj and the cold surfaces. Fortunately, ADL has run tests on
the cryopumping of CO2 which provide applicable data, In tests with a
chevron-shielded condenser, it was noted that the CO, does, in fact,
condense on the chevrons and that a negligible amount penetrates through
to the 20°K condenser.,

In gas flow situations like the present one, it is important to
define just how the pressure is measured because the orientation of the
measuring probe has a strong influence on the value indicated, It
appears that the most meaningful pressure in the CO) tests is the
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exhaust static pressure. 1In ADL experiments, the static pressure
upstream of a cryopumping array was measured as a function of mass flow
rate, These results, when scaled up to apply to the inlet areas availa-
ble in the 12 ft x 12 ft and 15 ft x 15 ft cryopumping chambers, are
shown in FIGURE 8, The inlet areas are about 400 and 640 square feet,
respectively, From the figure, it is evident that with a mass flow
rate of 1 1lb/sec (the value set forth in the preliminary operational
requirements) an exhaust static pressure of from 2,4 x 1073 to 3.7 x
10-3 torr could be achieved. The exact value depends on the size of
the chamber,

In using these experimental results to obtain FIGURE 8, it is
implied that the flow per unit area into the cryopumping array is
uniformly distributed, since those were the conditions under which the
experiments were run, In many rocket exhaust tests, it is likely that,
due to the nature of the exhaust flow, most of the mass-flux will be
contained in a core-flow downstream of the test device, The pressure
distribution in the chamber would not be uniform, but would be high
in the core and low outside the core relative to pressures which would
exist with the uniformly distributed flow on which FIGURE 8 is based,
Hence, for a given flow rate, a pressure even lower than that indicated
by the figure might obtain outside the core-flow.

During the COp tests, it would be advisable that the 20°K condenser
be kept in operation to provide a high pumping speed for impurities
contained in the C0,, "Commercially pure" CO2 contains about 0.05 per-
cent impurity, primarily nitrogen, H30 and oil, Very little hydrogen
is expected to be present, It is possible to postulate a worst case
in which all the impurity is nitrogen so that when the CO; mass flow
rate is 1 lb/sec, a nitrogen flow rate of 5 x 10-% 1bs/sec will resort.
Under these circumstances, if the 20°K condenser is maintained at
operational temperature levels, the partial pressure of nitrogen would
be no greater than about 1 x 10-4 torr, i.e.,, negligible compared to
the CO, partial pressure, The two 32-inch diffusion pumps would also
be operated; they would remove any small amounts of hydrogen and
helium that might be introduced with the CO, during the test, Since
the 20°K condenser would be operational during these tests, the liquid-
nitrogen cooled back shields would also have to be maintained at
operating temperature level, Exhaust flow from the model can be observed
through the viewing ports shown in FIGURE 7,

With the arrangement shown in FIGURE 7, it should be possible to
run a number of short duration high mass flow rate tests in one day,
If provision is made for retracting the model into the upstream tank
and for removing the track section on which the model test stand rests
while the vacuum is maintained, the isolation valve can be closed so the
vacuum can be broken in the upstream chamber, while it is maintained in
the downstream chamber, In this manner, the panels could remain cold
while the model was modified or replaced.
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In Appendix B, it is estimated that the maximum deposit thickness,
as limited by the temperature differential across the deposit, is about
0.035 in. when the mass flow rate is 1 1lb/sec, This thickness would
be reached in about 69 sec of operation. For lower flow rates,
greater deposit thicknesses and longer running times could be tolerated,

As with Ny, defrosting would be accomplished by valving off or
turning off the diffusion pumps, warming up the panels, and permitting
the COy to vaporize, A 69-1b deposit would bring the chamber pressure
up to only about 6.3 psia. The gas would be removed by roughing the
chamber down with the mechanical pumping system in preparation for
subsequent panel cool-down and resumption of operation.

C., SPACE SIMULATION CHAMBER

The chamber containing the cryopumping panels is readily
adaptable to service as a space simulation chamber. The set-up for
space simulation work would be as shown in FIGURE 9, With the valve
closed, the cryopumping chamber would have an ultra-high vacuum
capability., The operating mechanism of the valve, the instruments
located in the upstream test section, traversing mechanisms, model
mounting devices, etc., would all be isolated from the cryopumped
chamber when the valve is closed. Only a fairly simple tank with a
minimum of equipment would be left exposed to the ultra-high vacuum,

As indicated by FIGURE 9, the working space is surrounded by
liquid-nitrogen cooled surfaces, The end panels, like the chevrons,
would be made black and highly absorptive to radiation. Thus, the
thermal environment of star-speckled space would be simulated for
objects at or near room temperature, The restriction on the operating
temperature of the test object, for which thermal simulation is achieved,
stems from the fact that, only at test temperatures of around 300°K, will
the radiation emitted from the liquid nitrogen cooled baffles be
negligible compared to that emitted from the test object,

Simulated solar radiation would be admitted through the end of the
tank, The center portion of the liquid nitrogen cooled baffle would
be removed to form an opening through which the light could pass. The
cover on the access port would be fitted with a window of quartz or
sapphire both of which are transparent to solar radiation, The type of
source system which might be used for solar simulation is briefly
described in Section VII.

The pumping speeds of the cryopumped chamber for nitrogen and
hydrogen are shown below for both the 15 ft x 15 ft and the 12 ft x
12 ft chambers,
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TABLE III
ULTRA-HIGH VACUUM PUMPING SPEEDS OF SPACE SIMULATION CHAMBERS

Pumping Speed (liter/sec)

Chamber Ft Nitrogen Hydrogen
12 x 12 852,000 35,000
15 x 15 1,320,000 35,000

The extremely high pumping speed for nitrogen is due to the large
cryopumping surface area, The pumping speeds of other gases condensable
at 20°K can be estimated from the pumping speed of nitrogen by correction
for the molecular weight. The pumping speed for hydrogen is the same
for both chambers. This is due to the two 32-inch diffusion pumps.

The pumping speed of hydrogen given in Table III takes into account the
reduction caused by the liquid nitrogen cooled baffles upstream of the
pumps, To estimate the ultimate pressure which might be achieved in
the space simulation chamber, sources of inleakage and outgassing must
be considered. For this discussion, attention will be confined to the
15 ft x 15 ft chamber,

Inleakage should be reduced to the point where its contribution to
ultimate pressure is negligible by proper leak testing and repair. Accord-
ing to Steinherz (Ref, 5), ''leaks of 107 scc/sec can be found quite
readily with a mass spectrometer leak detector, so an assumption of ten
of these leaks is a pessimistic one," Therefore, it should be possible
to keep the total inleakage well below approximately 10-5 scc/sec. This
inleakage is composed primarily of nitrogen and oxygen, and in view of
the pumping speed above, would cause an ultimate pressure of about 6 x
10-12 torr if it were the only gas source. As will be shown below, this
contribution is negligible compared to that expected from ocutgassing,
The limitation on pressure caused by outgassing from surfaces inside the
chamber is very difficult to evaluate because outgassing rates cannot
be accurately predicted, Though a considerable amount of information is
available on outgassing rates, the reported values differ widely, pro-
bably because the rates are so dependent on surface conditions such as
cleanliness, degree of oxidation, previous exposure, etc. Values of
outgassing rates for a wide variety of materials have been presented
(Ref, 6). The data presented in this reference will be used to make
some rough estimates of the pressure-time history during pumpdown to the
ultra-high vacuum range. 1In this estimate it is assumed that;

1. The walls of the chamber are made of 304 stainless steel
(No. 4 Polish),
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2, The exposed valve disc surface is nickel-plated mild
steel,

3. Rubber 0O-rings are used on all flanges. The exposed width
of an O-ring is approximately O, 2 inch,

4, The outgassing is comprised largely of gases condensable
at 20°K.

5. The chamber is roughed down to about ten microns in
approximately two hours,

6. After rough down is complete, cooldown of the panels
commences and is completed in about three hours,

From assumptions 5 and 6 it is evident that pumpdown into the ultra-
high vacuum range will not commence until about five hours after
initiation of operation.

For the above assumptions, the outgassing rates and chamber
pressures are estimated to vary with time after initiation of operation
as in Table IV,

TABLE IV
ULTRA-HIGH VACUUM PUMPDOWN

Outgassing Rates

Time Tank Walls Valve Disc O-Ring Seals Total Pressure

hours  torr-1l/sec  torr-1l/sec  torr-1l/sec torr-1l/sec  torr

6 0.160 0.0680 0.0186 0, 247 1.9X10’7
9 0,0402 0. 0005 0, 0090 0. 050 3.8)(15_8
15 0.0192 0.0057 0. 0249 1. 9x1578
30 0,0100 0.0036 0.0136 1.0x10°8

The outgassing rates used for the tank walls are believed to be high so
that the estimates should be fairly conservative, This conclusion is
further strengthened by the comparison between the projected facility
and an experimental cryopumping chamber shown in Table V,
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TABLE V

COMPARISON OF PROJECTED NASA 15 FT X 15 FT SPACE
SIMULATION CHAMBER TO THE ADL 3 FT D X 4 FT EXPERIMENTAL
CRYOPUMPING CHAMBER

NASA ADL

N, pumping speed, liter/sec 1,320,000 8,180

effective wall area, ft2 1,405 52

elastomer seal length, ft 160 10

N, pumping speed liter/sec 938 157
wall area ft2

N, pumping speed liter/sec 8, 250 818
seal length ft2

Ho pumping speed 1liter/sec 31,600 990

H, pumping speed liter/sec 22,5 19.1

wall area ft2

H, pumping speed liter/sec 198 99
seal length ft2

The experimental cryopumging chamber has achieved pressures in the low
10~9 torr range (2 x 1077 torr) after operating for about thirty hours,
Since the projected NASA facility has higher pumping speed in comparison
with sources of outgassing as indicated by the Table V, one might expect
that an ultimate pressure as low as the ADL chamber pressure would be
reached.

If a more rapid pumpdown to the 10~ 9 torr is required, it would be
necessary to bake out the walls of the chamber. It has been pointed
out (Ref, 5) that, if stainless steel is baked at 200°C for a few hours,
the outgassing rate is reduced by a factor of over 10% This drastic
reduction in a relatively short time might be used to reduce the total
outgassing rate to about 0,01 torr-liter/sec in 9 hours, so that a
pressure of 7, 6x10"9 torr might be achieved, For this calculation, it
is assumed that only the tank walls would be baked; that is, the valve
disc would not be baked out.
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SECTION V. CRYOGENIC SYSTEMS

A, 80-100°K REFRIGERATION SOURCES
1, General

LN, is the most practical fluid for providing cooling at 80 to
100°K. "It has an atmospheric boiling point of 77°K, and it is relatively
inexpensive and readily available. The physical properties of LNy are
well known and since the gas is inert it can be used with little or no
hazard, For these reasons, our further consideration of a coolant for
the 80 to 100°K level will be restricted to LNo.

The following estimates of heat loads are for the systems shown in
FIGURES 4, 7, and 8 when used with a 15 ft D x 15 ft cryopumping
chamber.

2. Heat Loads for Low Desnity Wind Tunnel with Nitrogen Gas

Flow

The following assumptions were used in determining the heat load
at 80 to 100°K for the nitrogen tests with the set-up shown in FIGURE
b4s

a, A nitrogen mass flow rate of 2,5 grams per second.

b. A test duration of several hours with several tests to
be run each day, For steady-state heat load calculations this amounts
essentially to continuous operation,

c. A nitrogen stagnation temperature of 500°F, The
nitrogen was assumed cooled to 80°K by the chevrons, Although this
condition will not be precisely met in practice, it represents the
maximum load on a precooler,

d. Tank walls at 70°F.

For the above assumptions, the heat loads on various parts of the
system are as shown in Table VI. The load on the outer shield is all
due to heat radiated from the outside walls of the tank, The load on
the chevrons (precooler) is from the sensible heat of the nitrogen
gas, and the heat leak term includes heat leak into piping, etc, The
cooldown load is the heat which must be removed from the baffling,
piping, etc,, to cool them from room temperature to 80°K,
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Two items in the tabulation are of special interest. First, the
radiation heat load on the outer shield comprises the major portion of
the steady-state load. Second and perhaps more important, the cooldown
load is over twelve times the hourly steady-state load. The magnitude
of the cooldown load indicates that it is desirable to warm and cool
the 80°K baffles as infrequently as possible, and is one of the main
reasons for the isolation valve. This valve enables one to isolate
the baffles from the test section of the tunnel, so that models and
nozzles can be changed without pressurizing or heating the baffles.

3. Heat Loads for Rocket Exhaust Tests with Carbon Dioxide

The following conditions were assumed in determining the heat
load at 80°K for the COp tests with a set-up as shown in FIGURE 7:

a. Test Condition No. 1 - A CO, mass flow of 1.0 1b per
second and a test duration of 15 seconds,

b. Test Condition No, 2 - A COp mass flow of 0.1 1b per
second and a test duration of 10 minutes,

c. A CO, stagnation temperature of 500°F, The CO, will
be cooled and condensed on the chevrons only.

d. For test condition No, 1, radiation loads from the tank
walls and heat leak into the piping were neglected because the test
is so short., For test condition No. 2, the radiation heat load per
unit area of tank wall was taken as the same as that in the nitrogen
tests,

e. The liquid nitrogen enters the chevrons as saturated
liquid at 25 psig, and leaves as saturated vapor at O psig.

For these assumptions, the heat load per test is as shown in Table VL.
The heat loads imposed by the test are quite small and can be satisfied
by modest amounts of liquid nitrogen. However, the heat transfer rates
required to condense the CO,, especially for Test Condition No. 1, are
quite large, Therefore, in the design of the baffles, careful consider-
ation must be given to the transfer of heat from the condensing gas to
the coolant., It is also of interest to note that the cooldown heat

load is quite large compared to the test heat load. This® comparison also
indicates the desirability of warming and cooling the baffles as
infrequently as possible,

4, Heat Loads for Space Simulation Chamber

The following conditions were used to determine the heat loads at
80°K when the facility is used as in FIGURE 9:
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a, Continuous operation.

b. A solar radiation input of 1400 watts per square
meter (the solar radiation intensity at the earth's orbit) over an
area equivalent to that of an 8-foot diameter circle. This radiation
load (22,300 Btu/hr) is essentially all absorbed by the chevrons,

For the above assumptions the steady-state heat loads are as shown in
Table VI. It should be noted that the cooldown load is again an order
of magnitude larger than the hourly steady-state heat load. The solar
load assumed for calculation of the chevron heat load probably
represents an extreme upper limit,

5. Purchased Liquid Nitrogen

Perhaps the simplest method of obtaining liquid nitrogen is to
purchase it from a commercial supplier as required, Liquid is trucked
in and transferred to a liquid storage tank from which it is pumped to
the load as required., All vapor is vented to the atmosphere, See
Section V-C for flow circuits.

This system offers simplicity of operation and maintenance and
requires a minimum capital investment. The storage tank and pump are
both commerically available from a number of sources, and they are
expected to be reliable,

The liquid nitrogen costs for this system of supply are shown on
Table VII. 1In calculating these figures, a nitrogen cost of 0.1966

cents per standard cubic foot of gas was used.

6. Nitrogen Reliquefier

Instead of purchasing liquid nitrogen and venting it to atmosphere,
apparatus to reliquefy the nitrogen boil-off can be used. The reli-
quefier takes saturated nitrogen vapor from the storage tank and
returns saturated liquid to it, Purchased liquid nitrogen will be
required to charge the system when it is initially started and, in some
cases, to make up losses. The optimum reliquefier size depends upon
the refrigeration requirements of the system and the method of
operation, For the present application it would appear that a reli-
quefier should be sized to handle the maximum steady-state load. For
high heat loads of short duration, such as in the carbon dioxide tests,
the vaporized nitrogen could be vented to the atmosphere, Cooldown of
the system could be accomplished in several ways. For quick cooldowns
(approximately one hour) liquid nitrogen could be admitted to the system
as fast as possible and the vapor vented to atmosphere. The costs
associated with this type of cooldown are shown in Table VII, for all
three types of tests,
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TABLE VII

OPERATING COSTS USING PURCHASED
LIQUID NITROGEN FOR REFRIGERATION

Cooldown Experiment
Quantity Cost Quantity Cost
N, LDWT 700 gal. $128 59 gal. /hr $11/hr
€Oy RETC
Condition No. 1 700 gal, $128 11 gal, /test $ 2/test
Condition No, 2 700 gal. $128 72 gal./test $13/test
SSC 700 gal. $128 92 gal. /hr $17/hr

If a slower cooldown rate is permissible, liquid nitrogen could be
admitted to the system at a rate controlled so that all the vapor formed
could be liquefied by the reliquefier., Cooldown by this method would
probably take about ten hours, but 'o nitrogen would be lost by venting.
Cooling the system by admitting nitrogen to the system as fast as
possible, storing the boil-aff in a gas holder, and liquefying it later
with the reliquefier, does not appear promising because of the large
size and prohibitive cost of the gas holder required.

Prices of nitrogen reliquefiers of several sizes were obtained from
several manufacturers, This information is shown on FIGURE 10, in which
reliquefier installed cost is plotted against capacity. The steady-state
load of the wind tunnel tests and simulation chamber tests for the
assumptions stated above are indicated on the plot., It may be seen that
the installed cost of a liquefier to handle the maximum steady-state
load for this facility will be in the neighborhood of $140,000,

Nitrogen reliquefiers have been built by a number of manufacturers
and should be reliable and relatively easy to operate and maintain, Only
one of the manufacturers contacted had made a unit large enough for use
in the present application, but the others indicated that they could
supply units similar to larger ones which are in operation,

7. Conclusions
By comparing the heat loads imposed by the nitrogen and carbon

dioxide tests and the space simulation chamber, the following conclusions
can be drawn;



33

000 ‘000 ‘1

YATAINOTTAY NIADOULIN JO ISOD *OT HN9Id
¥H/N1E ALIDVAYD NOTLVEIDTHITH
000 ‘00T 000 ‘01
g | ¥ DO0“0TS
T
W
T
z
wy
-
>
"IA
=
- 1
t o
(@]
(o]
w
et}
o]
L]
yeud =4
1aa1 ¥ / 18
N / o m
A4 18
AN e
35S al:
TOP N AN\ /\ — =
x UVAVANATRY 2
A\/ \ i 0070015 | &
A o
2]
\ 5
AN _
\ M1 g
O
|
\AA /\VX 2
7 s
,/v
\ £

000 ‘00€$



34

a, The cooldown loads for all tests are a great deal higher
than the hourly steady-state loads, Warming and cooling of the baffles
between tests would greatly increase the requirements for refrigeration
at 80°K. Therefore, it is desirable to operate the facility so that
between tests it is not necessary to break the vacuum in the tank con-
taining the cold baffles, This can be accomplished by means of the
isolation wvalve,

b, The maximum steady-state heat load for the space
simulation application is about 60 percent greater than that for the
wind tunnel tests using nitrogen, The difference is due to the solar
input for which the value chosen represents an upper limit. The major
load, that to the outer shields, is the same in both cases,

c. The heat load per test is much lower for the carbon
dioxide tests than for the nitrogen tests, but the heat transfer rates
to the chevrons are at least an order of magnitude higher, This indi-
cates that it will be necessary to design the chevrons, from the
standpoint of heat transfer required to accommodate the carbon dioxide
tests, In comparison of the two methods of supplying refrigeration to
the 80°K baffles, the economic factors, flexibility and ease of operation,
and maintenance should be considered,

An economic comparison reduces to the question of whether the
savings in operating costs which result from using the nitrogen reli-
quefier are large enough to justify the initial capital outlay.

In FIGURE 11, the total cost of supplying refrigeration at 80°K is
plotted against amount of liquid nitrogen used, for the purchased liquid
nitrogen scheme and for two different sized reliquefiers. Labor costs
for operation and maintenance have not been included, The plot shows
the relative economics of the two methods of supplying liquid nitrogen.
For plants of both sizes, it is indicated that the total cost of supply-
ing refrigeration with a reliquefier is equal to the cost of supplying
refrigeration by use of purchased liquid after about one year of operation
if the reliquefier is run 100 percent of the time (i.e., 24 hours a day,
7 days a week). For a lesser utilization, the break-even period of the
plant will be proportionately longer. Since the utilization of the
liquefier depends upon the way in which the facility is operated, which
is somewhat uncertain at present, no more detailed analysis can be made
at this time,

Flexibility of operation of the facility seems especially important
during initial start-up and shakedown, when operating procedures are
being determined, During this phase it appears desirable to purchase
all liquid nitrogen, Large loads of short duration and smaller loads of
longer duration may be satisfied with equal ease and the facility may be
started up and shut down quickly. After operating procedures have been
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fixed and a load pattern for liquid nitrogen has been determined more
precisely, an economic analysis similar to that presented above could
be made and the reliquefier added if it were deemed advisable, This

method of planning has the very real added advantage of reducing the

capital expenditure at the outset of the project,

With respect to ease of operation and maintenance, a system based on
the straight purchase of liquid nitrogen is superior since it requires
less equipment, Nevertheless, a reliquefier should be relatively
simple to operate and maintain and should not increase the complexity
of the facility to a substantial degree, For this application, the
reliquefier should be provided with a high degree of automatic control.

B. 20°K REFRIGERATION SOURCES
1, Heat Loads

To determine preliminary refrigeration requirements, the following
conditions are assumed:

a. Gaseous nitrogen flow of 2,5 gm/sec at a stagnation
temperature of 500°F in the wind tunnel tests,

b. Precooling of the nitrogen flow is accomplished with
liquid nitrogen and the gas flow is precooled to 100°K,

¢, The solar heat input to the simulation chamber will be
equivalent to the radiation intensity near the earth (1400 watts/mz)
projected on to an 8-foot diameter circular area within the chamber,
i,e., 6540 watts., Because of the chevron radiation shields, only about
2 percent (130 watts) will be absorbed by the condenser.

d. The impurity content of CO, condensable at 20°K will be
small so that the condensing heat load at 20°K in the CO2 RETC will be
small compared to those encountered with the N, LDWT,

e. A minimum distance of 500 feet between the hydrogen
storage vessels and the facility for systems using liquid hydrogen for
refrigeration.

The estimates of the steady-state heat loads at 20°K given in Table
VIII for the three modes of operation are based on the above assumptions,
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TABLE VIII

STEADY-STATE HEAT LOADS AT 20°K LEVEL

N2 LDWT CO2 RETC 58C
Condensing Gas Load,
(Watts) 790 Small -
Radiation from Shields
to Condenser, (Watts) 100 100 100
Solar Input Reaching
Condenser, (Watts) - - 130
TOTAL, (Watts) 890 100 230

The magnitude of the heat that must be extracted from the cryopumping
panels to bring them to 20°K depends strongly on whether or not LN, is
used for a precooldown, For example, to cool aluminum from room
temperature to 20°K, some 76 Btu/lb must be removed, Precooldown with
LN» would remove 72 Btu/lb, or over 90 percent of the total, and would
greatly reduce the cooldown requirement on the 20°K refrigeration source,
In the present case, cooldown of the condenser panels would require that
some 85,000 Btu be provided by the 20°K refrigeration source if LN, pre-
cooldown is not used, whereas with its use, the value is reduced to
about 5000 Btu. In some cases, as discussed in the following sections
on various refrigeration sources, it will be essential to use a LNj
precooldown but, in other cases, it may not be necessary,

There are several methods of supplying refrigeration at or below
20°K. Of the systems considered, the three showing enough initial promise
to warrant investigation were;

.1. Helium gas refrigerator,

2, Purchased and stored liquid hydrogen, directly vaporized
in the cryopumping panels,

3. Purchased and stored liquid hydrogen with an intermediate
helium gas circulation loop.
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2, Helium Gas Refrigerator

The first method, shown schematically in FIGURE 12, uses a closed-
circuit helium gas refrigerator. Compressed gas at around 350 psia and
room temperature passes through a heat exchanger where it is regenera-
tively cooled by expanded cold return gas. The high-pressure gas is
cooled to about 25°K in the exchanger, passes through reciprocating
expansion engines where its temperature is reduced to approximately
15.3°K, and then flows to the load. Heat is absorbed at the load by
the sensible enthalpy rise of the gas as it warms to about 20°K. Gas
returning from the load passes through the low pressure, cold side of
the regenerative heat exchanger where it is warmed to near room tempera-
ture and then returns to the compressor inlet, completing the cycle.

In practice, small temperature differences can be maintained in the
heat exchanger and the expansion process can be made nearly isentropic
so that the cycle is thermodynamically efficient.

The compressors, which are specially made for helium service, must
be fitted with highly effective oil separators at discharge to insure a
supply of oil-free gas to the cold end of the circuit., The compressor
inlet and discharge pressures are controlled to constant values by
means of an expansion tank, connected through pressure control valves
to the inlet and discharge lines as shown in FIGURE 12,

Suitable expansion engines are available from several reputable
manufacturers. The heat exchangers and expansion engines are housed in
an evacuated-powder-insulated cold box. The cold helium gas is cir-
cula